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Abstract:
In this work, the effect of the grooved disc surface on the tribological behaviour and noise performance of railway brake systems are investigated by using both a pad-on-disc tribometer and a drag-type brake dynamometer. The experimental results obtained from the pad-on-disc tribometer show that the grooves on the disc surface can significantly affect tribological behaviour and consequently affect noise level and even suppress squeal noise. To further verify the effect of grooves on tribological and noise performance, a new brake dynamometer is developed and accordingly grooves are introduced to the brake disc of this new set-up. The experimental results obtained from the brake dynamometer are well consistent with that obtained from the pad-on-disc tribometer. Moreover, numerical analysis is performed to provide a reasonable explanation on the experimental phenomenon.
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1.	Introduction
Railway disc brakes are one of the most important safety components in train operations, and the railway brake system must be able to stop a moving train within a maximal stopping distance [1]. However, due to the long-standing friction at the contact interface, the brake contact surfaces will suffer from a long duration of cyclic high thermal load, unwanted wear and long term surface damage. This wear may consequently lead to the occurrence of cracks and material exfoliation, which has a detrimental effect on safety of railway transportation [2-4]. In addition, a railway disc brake system also often generates unstable vibration at the contact interface and consequently evolves into different kinds of noises, with squeal being principally common for a train approaching a station at a low speed. These noises are always undesirable and annoying, which cause environmental pollution, harm people's hearing health, and may consequently further cause the damage of the brake components [5-7]. Therefore, improving tribological behaviours and noise performance of railway disc brakes is of a crucial importance in railways.
The generation of brake noises is attributed to the vibrations caused by friction, and brake noise is a typical example of friction-induced noise. Based on the brake noise spectrums, these noises can be classified as low frequency noise (about 100–1000 Hz) and high frequency squeal (around 1000–12000 Hz) [8]. Among them, the high frequency brake squeal has been received extensive attention from researchers, because of its high pith tone and high intensity sound. For railway disc brake squeal, squeal noise levels can reach as high as 130 dB(A), which is considered a serious pollution for modern industry and living [9]. Therefore, railway disc brake squeal has become one of the most annoying noises in the railway system as well as the wheel-rail squeal. 
In the past decades, a large amount of research work has been performed to get a better understanding of the friction-induced noise phenomenon [5-8]. Significant research work has been done to reveal the physical mechanism of friction-induced noise. Several comprehensive reviews on brake noise performance related to vibration dynamics have been published [10-13]. However, the research work for predicting and reducing brake noise on railway brake systems is limited. This is the case in particular for TGV brake systems for which a refined mechanical modelling is carried out to study the mechanism of brake squeal generation [14-16]. Even though significant work in understanding and modelling of brake squeal has been performed, there is still significant progress to be made to achieve a comprehensive strategy for squeal prediction and reduction on industrial railway brakes.
Considering that the friction-induced energy originated from the contact surface sustains the brake’s self-excited vibrations, the property of the contact surface is the key factor involved in the appearance and disappearance of brake noise. For decades detailed and in-depth studies have been performed to investigate the relationship between contact surface topography and brake noise [17-31]. Sherif [17] related the brake noise performance and surface topography with an index, and found that increasing this index value during friction process would remove the squeal noise. Chiello et al. [18] investigated the influence of pad geometrical shapes on the squeal instability of a whole railway brake system, they found that a polygonal pad had a stronger capacity in suppressing brake squeal noise compared with a circular pad. Mortelette et al. [19] introduced mineral fibers on the pad composition to study their influence on railway brake squeal occurrences, and they observed that the mineral fibers would significantly affect noise performance of the brake systems, and the pad surface topography was totally different between the case of silent braking and noisy braking. Massi et al. [20] also found that pad surface exhibited several cracks and material exfoliations after squeal events, and conversely, pad surfaces were relatively smooth and compact after braking without squeal. Majcherczak et al. [21] studied the vibratory response of railway brake disc brake system by integrating the tribological, thermomechanical and dynamical effects, they found that the third body can significantly affect the friction coefficient and consequently the squeal noise performance. Ghazaly et al. [22] found that the pad surface with various slot configurations had a considerable effect on the propensity of brake squeal, and the squeal propensity could be suppressed by reducing the distance between two slots. Tison et al. [23] modelled the variability of the pad’s surface topography by using the stochastic field method, and they found that the pad surface can strongly affect the appearance of unstable modes.
Yoon et al. [24] observed that the contact condition of brake friction material would be modified during braking because some shallow slots would be produced on the rubbing surface. This modification of contact condition would affect the stick-slip behaviour of brake system and consequently the brake noise propensity. Gweon et al. [25] studied the relationship between brake pad materials and brake noise, and they found that the brake pad materials with milled glass fibres could cause generation of brake instability. Lee et al. [26, 27] confirmed that the surface morphology of brake pads could significantly affect the normal contact stiffness and consequently the vibration and squeal noise behaviours. Eriksson et al. [28] observed that the contact surface composed of a large number of small contact plateaus had a stronger potential in generating squeal noise in contrast with the contact surface made of large plates. Mat Lazim et al. [29] introduced external silica sand particles to the pads and observed the surface wear of the pad material after noisy braking, and they concluded that the embedment of particles in the friction layer would result in the generation of new flat areas, which might consequently be responsible for squeal occurrence.
The above mentioned studies shed light on the role of surface properties in brake noise. However, uncertain interface conditions cause difficulties in predicting noise performance, and the complicated micro-morphology makes it difficult to obtain repeated tests results. In addition, brake noise is very sensitive to a number of interacting parameters, even the ever-changing wear conditions during a friction process [32-34]. All of these uncertainties characterize brake noise as somehow mysterious, unpredictable, and often non-repeatable. Therefore, it is absolutely essential to seek a specific surface with good geometric repeatability to study the squeal noise performance and the tribological behaviours. 
Nowadays, grooved surface texturing has received much attention from tribologists as an effective surface modification method. Much progress has been made to better understand the ability of grooves in modifying the tribological performance of contact surface [35-38]. However, reports on the relationship between grooved surfaces and friction-induced vibration and noise are limited, and the studies on the grooved surface texturing in affecting the noise and tribological performance of railway disc brake are rarely reported. Therefore, it is worthwhile to investigate the relationship between grooved railway brake discs and brake noise, which may help find potential ways to remove or at least reduce brake noise.
In this study, the influence of the grooved disc surface on the tribological behaviours and noise performance of railway brake systems are investigated by using both a pad-on-disc tribometer and a drag-type brake dynamometer. Firstly, experimental tests are performed on the pad-on-disc tribometer, to investigate the influence of groove configurations (angle and width) on friction and wear, and noise performance. Subsequently, these groove configurations are introduced to small scale railway brake discs, and the corresponding tribological and noise tests are performed in the drag-type brake dynamometer. Finally, the correlation between the pad-on-disc tribometer and the brake dynamometer tests in terms of tribological and noise aspects are discussed, and the possible reasons for the grooved disc surface in modifying the noise performance are provided.

2.	Pad-on-disc experimental tests
2.1 Tribometer and sample preparation
In this section, the tribological experimental tests conducted on a pad-on-disc tribometer are reported, which is mainly composed of three subsystems: a friction contact system, a holder system and a signal processing system. The diagram of the tribometer is shown in Fig. 1. A pad sample which is carried by the pad holder rubs against a compacted graphite iron disc sample. A piezoelectric sensor (with an inherent frequency of 70 kHz) is mounted on the pad holder, to monitor the oscillations of the normal force at the interface during the friction process. Besides, the evolution of vibration signals of the system is recorded by a 3-D acceleration sensor, and the noise signal is detected by a microphone.


Fig. 1. Diagram of the tribometer: (1) Disc sample, (2) Disc table, (3) Rotational device,(4) Pad sample, (5) Pad holder, (6) Piezoelectric force sensor, (7) 3-D acceleration sensor, (8) Suspension, (9) Strain-gauge force sensor, (10) Microphone, (11) Acquisition and analysis system, (12) Computer.

All the disc and the pad samples are cut from a real railway brake system. The disc has a diameter of 25 mm and thickness of 3 mm. The length of the pad is 15 mm and its cross section is 7×7=49 mm2, thus the contact shape is a square with the length is 7 mm. Two kinds of grooves patterns are introduced to the disc surface, to investigate the squeal noise and tribological performances related to the grooved discs, as shown in Fig. 2. These grooved discs possess six straight grooves, with a certain width and fixed length of 11 mm, the groove depth is 0.3 mm. Abbreviations of T-90-w and T-45-w represent these two kinds of grooved discs, respectively, in which 90 or 45 indicates the angle in degree between grooves and rotating velocity direction, and w represents the width of grooves. The tribological tests are done at a constant disc rotating speed (60 rpm) with a normal force (100 N) for 30 minutes. The number of the disc samples in each configuration is five, thus the test for each configuration of surface is repeated for five times. More details about the tribological testing process can be found in [39]. 



Fig. 2. Disc samples with different groove patterns.

2.2 Effect of groove angle on the interface noise performance
Fig. 3 illustrates the equivalent sound pressure levels (ESPL) for the smooth and grooved disc surfaces, all the groove width in the disc surface is of 1 mm. The error bars shown in Fig. 3 indicate the ESPL range over the tests samples. It is found that the ESPL of the smooth disc surface is significantly higher than that of the grooved disc surfaces, which indicates that the introducing grooves on the disc surface is able to help suppress noise generation. Moreover, the ESPL of T-45-1 surface is found to be lower than that of T-90-1 surface, only about 78 dB in maximum can be recorded. It is noted that the sound signals detected in this study can be classified as squeal, owing to its high pitch tone and the very low background ESPL (only 65 dB (A)) throughout the testing period. Therefore, the T-45-1 surface has a great potential in reducing squeal. Fig. 4 shows the time-frequency spectrum of sound signals in the steady-state period, the dominant frequencies of squeal generated from the smooth surface contain one dominant frequency of 810 Hz accompanied with its high-order superharmonics, which highlights the influence of nonlinear friction contact. Compared with the case of smooth surface, the grooved disc surfaces show strong ability in reducing the energy levels of the excited frequencies. Particularly for the T-45-1 surface with lowest ESPL, only one dominant frequency with much lower energy is detected, which further demonstrate that this kind of surface modification can reduce squeal significantly.

Fig. 3. Equivalent sound pressure level (ESPL) for the smooth and grooved disc surfaces.

  

Fig. 4. Time-frequency spectrums of sound signals from smooth (a), T-90-1 (b) and T-45-1 (c) surfaces.

2.3 Effect of grooves width on the interface vibration and noise performance
Considering that the T-45 surface exhibits a better performance in reducing squeal noise compared with the T-90 surface, the T-45 surfaces with three different groove widths of 0.5, 1 and 2 mm are selected to study the effect of grooves width on the interface vibration and noise performance. It is found that all the three grooved disc samples can significantly reduce the squeal noise level, as shown in Fig. 5. The ESPL has a tendency to decrease with the increasing groove width from 0.5 mm to 1 mm. However, when the width of the grooves further increases to 2 mm, a visible rise in ESPL can be observed, which is higher than that of T-45-0.5 surface. Therefore, T-45-1 surface has the best ability in reducing squeal noise among these disc samples, and it can be assumed that there may be a critical value of groove width in this groove configuration, which may help disc sample exhibit the best ability in suppressing squeal noise.


Fig. 5. Equivalent sound pressure level (ESPL) for the T-45 disc surfaces with three kinds of groove widths.

Furthermore, the oscillations of the normal force, vibration and sound pressure signals in the steady-state stage are correspondingly studied, to show the effect of groove width on the dynamic instability of the tribological system, as shown in Fig. 6. For the smooth surface, both the normal force and vibration accelerations signals contain continuous high-frequency oscillations, corresponding to the high intensity squeal noise generated from the smooth surface in this period. However, the vibration levels for all the grooved discs are found to be significantly suppressed compared with the smooth surface, which thus exhibits a lower sound pressure level. Among these grooved disc surfaces, the amplitudes of normal force and vibration accelerations signals show significant decrease with the increasing groove width from 0.5 mm to 1 mm, corresponding to very weak sound pressure signal recorded from T-45-1 surface. However, the normal force and vibration signals are found to rise when the groove width is increased to 2 mm, thus relatively louder sound generated by the T-45-2 surface. 

   

Fig. 6. The oscillation of the normal force (a), vibration accelerations (b) and sound pressure (c) signals in the steady stage.

2.4 Wear analysis and evaluation
To further illustrate the relationship between the noise performance and the surface properties, the worn surface morphologies of all the disc samples are observed, as shown in Fig. 7. For the smooth surface, visible ploughing and material exfoliation can be observed in the wear track, which indicates that the smooth surface undergoes severe wear during friction process. In contrast, the worn surfaces of all the grooved disc surfaces exhibit relatively slight wear compared with the smooth surface, and no severe ploughing and detachment can be observed in the wear track (Fig. 7(a)). Combining the results of worn surface morphologies and noise performances for different disc surfaces, it is found that the contact surfaces which suffer severer wear will emit higher intensity ESPL, and the noise generated from the mild wear surfaces is relatively lower. Moreover, it is worthwhile to note that there is a large amount of wear debris distributing on the worn surface and around the wear track for the smooth surface, whereas no visible wear debris can be observed in the wear tracks of the grooved disc surfaces, and a large amount of wear debris is trapped into the grooves (Fig. 7(b)). Therefore, the grooves on the disc surfaces significantly affect the friction and wear properties and wear debris behaviours of the contact interface.




Fig. 7. The worn surface morphologies of all the disc samples (a) and the wear debris exist in the groove (b).

3.	Brake dynamometer tests
The above results indicate that grooves with certain sizes and configurations on the disc surface can significantly affect the noise and tribological performances of friction system. However, these results are obtained from a small-scale pad-on-disc tribometre, which has some limitations to simulate the real working conditions. Although performing experimental tests in a real railway brake system can well simulate the actual working states, the associated experimental cost is high and the variable parameters arising from a real complex brake system may lead to unusable results. Therefore, developing a specific brake dynamometer, which possesses a relatively simple geometry and same working principle as a real brake system, is thought to be the right way to study train disc bake squeal related to surface modification.

3.1 Brake dynamometer
In this study, a brake dynamometer is developed to study the brake tribological and noise behaviours related to contact interface. This dynamometer is able to reproduce stable and sustained brake squeal noise but with a more simple geometry, which allows researchers to study the real tribological behaviours and noise performance of a brake system in practice. Moreover, the controlling parameters, such as disc rotating speed, braking pressure and atmospheric conditions can be easily adjusted, which are used to simulate the real working conditions of the railway brake system. The brake dynamometer shown in Fig. 8 is fully utilized. Friction in this setup is established at the contact interface of the brake pad pressed against brake disc. This test setup is powered by an 11 kW WIN-V63 AC motor and can be operated at the maximum torque of 413 N·m. A number of accelerometers, a force sensor, a torque sensor and a microphone, are present to capture brake operating parameters and squeal occurrence. These sensors are connected to a 32-channels Müller-BBM signal acquisition and analysis system.


Fig. 8. The schematic of the brake dynamometer.

The loading device mainly consists of a linear bearing, a push rod, a buffer spring and a cylinder, as shown in Fig. 9(a). A disc sample is connected to a drive shaft, which is driven by the rotary motor. A pad sample is mounted in the pad holder, which is carried by a push rod with a 2-D force sensor attached. At the start of the experimental test, the cylinder provides a constant pressure to the push rod, which pushes the rod to go through the linear bearing and accordingly presses the pad sample against the rotating disc sample. Considering that this dynamometer is used to perform the drag brake tests, both the disc rotating speed and the pressure are kept constant during the braking process. The local image of the loading device can be seen in Fig. 9(b).

   
Fig. 9. The schematic of the loading device of the brake dynamometer (a) and the local image of the loading device (b).

3.2 Samples preparation 
The pad samples are cut from a real train brake pad, which is a kind of powder metallurgy material. This pad material has density (ρ) of approximately 6.2 g·m3, Young's modulus (E) of about 6.5 GPa. The contact shape of pad sample is a trapezoid, with the upper edge of 40 mm, bottom edge of 70 mm and the height of 25 mm. All of the disc samples are cut from a real forged steel railway brake disc (HV0.5360 kg/mm2 and E=210 GPa) to a diameter of 138 mm and thickness of 14 mm. All the disc sample surfaces are polished to a roughness of approximately 0.5 μm Ra, which is measured by using NanoMap-Dual Mode 3D profilometer.
Similar to the experimental tests performed in the pad-on-disc tribometer, two kinds of groove configurations are manufactured on the brake disc samples, as illustrated in Fig. 10(a). According to the abbreviations defined above, these two grooved discs are also defined as T-90 surface and T-45 surface, respectively. Both of these grooved discs possess six straight grooves, with the width of 3 mm, length of 51 mm and the depth of 2 mm. The initial contact position between the pad and disc samples is illustrated in Fig. 10(b).
In the tribological and noise tests, a constant force of 380 N is applied, a constant velocity of the brake disc sample is set at 140 rpm, and the whole testing time is 60 s. Before testing, a procedure of running-in is performed to achieve a good flat-on-flat contact between the pad and the disc surfaces. All tests are performed in a strictly controlled ambient environment (24~27 °C and 60±10% RH). In order to make sure that the experimental results with good repeatability and reliability are obtained, each test conducted in this experimental study is run more than three times. Wear analysis and evaluation are performed by observing the optical topographies of disc samples after tests.




Fig. 10. The schematics and images of the pad and disc samples (a) and the initial contact position of pad samples and disc samples (b).

3.3 Analysis of interface noise and vibration characteristics
Fig. 11 depicts the variation trend of the ESPL with time for the smooth and two grooved disc surfaces. The capability of a grooved disc surfaces in reducing squeal is validated by comparing the noise performances between the smooth and grooved disc samples. The ESPL generated from the smooth surface remains at a higher level of about 110 dB during the whole test, whereas the ESPL of grooved disc surfaces are significantly lower than that of the smooth surface, which indicates that these two kinds of grooved discs can effectively reduce squeal noise. In addition, the ESPL of the T-45 surface is found to be the lowest one among all the disc surfaces, at only about 78 dB in maximum at the end of the test. Therefore, the T-45 disc surface exhibits the best capability in reducing the squeal noise tendency. This result is consistent with the noise performances observed in the pad-on-disc tribometer measurement.


Fig. 11. The equivalent sound pressure level (ESPL) for the smooth and grooved disc surfaces.

A spectrum analysis of the sound pressure signals for all the three disc surfaces is conducted, as shown in Fig. 12. The dominant frequencies of squeal generated from the smooth surface are composed of one dominant frequency (about 5700 Hz) and its subharmonics, which reflect the remarkable effect of nonlinear friction contact. Compared with the frequency distribution of smooth surface, a similar frequency distribution with lower energy can be detected from the T-90 surface. While for the T-45 surface which exhibits the best capability in reducing ESPL, nearly no visible frequency can be detected throughout the testing time, which further indicates that T-45 surface can reduce squeal significantly.

   

Fig. 12. The spectrum analysis of the sound pressure signals for the smooth surface (a), T-90 surface (b) and T-45 surface (c).

Considering that the squeal noise is caused by the unstable vibration generated from the friction contact interface, the time-domain signals of normal vibration acceleration, tangential vibration acceleration and sound pressure in the steady-state during one cycle are analysed, as shown in Fig. 13. The vibration acceleration signals obtained from the smooth surface display sustained high-frequency fluctuations during the cycle, corresponding to the intense sound pressure signal emitted from the smooth surface. For the T-90 surface, the acceleration signals appear to sustain high-frequency fluctuations with in a certain time period during one cycle, and their vibration amplitudes exhibit relatively smaller values than those of the smooth surface, which are responsible for the relatively lower sound pressure. However, nearly no high-frequency fluctuation is detected for the vibration acceleration signals of the T-45 surface, thus very weak sound pressure signal is measured rom this surface. Therefore, both kinds of grooved disc surfaces are capable of suppressing the sustained unstable vibration of the friction system, and T-45 surface has the best potential in reducing squeal noise.

  
Fig. 13. The curves of normal vibration acceleration (a), tangential vibration acceleration (b) and sound pressure (c) in one cycle.

3.4 Wear analysis and evaluation
The worn surface morphologies of the smooth and grooved disc surfaces are examined after tests, as shown in Fig. 14(a-c). For the smooth surface which exhibits relatively complicated wear morphologies, a noticeable amount of surface damage and material exfoliation can be observed in the wear track. This indicates that the smooth surface undergoes severe wear, which may promote the occurrence of unstable vibration and the emission of squeal. While for the grooved disc, their surfaces exhibit relatively mild wear compared with the smooth surface, with no visible severe ploughing and material exfoliation being found in the wear track. Moreover, a large amount of wear debris is accumulated in the wear track for the smooth surface, which accordingly suffers repeated compaction during the sliding friction process. In contrast, no visible wear debris can be observed in the wear tracks for the grooved disc surfaces, and a part of wear debris is accumulated at the trailing edge of grooves, as observed in Fig. 7(b). This phenomenon suggests that the grooves edges can ‘chip off’ the wear debris during the pad rubbing against the grooved surfaces, thus the grooves are able to entrap wear debris and change the wear status during friction process (Fig. 14(d)).

    
   
Fig. 14. Wear analysis of the smooth (a), T-90 (b) and T-45 (c) surfaces after the test and the schematic of grooves entrapping wear debris (d).

4.	Discussion
The above results obtained from both the pad-on-disc tribometer and brake dynamometer show that cutting a certain configuration of grooves on the disc surface is an excellent way of reducing squeal noise generation. However, there remain questions such as why the grooved disc surfaces can suppress the unstable vibration of a friction system and consequently reduce squeal noise, and why the T-45 surface has a better ability in reducing squeal noise compared to T-90 surface, etc. Therefore, it is necessary to provide possible physical explanations for these experimental phenomenons. Only thoroughly comprehending the essence of the experimental phenomenon can a better understanding of the generation of brake noise be obtained, which may further provide the theoretical basis for the optimal (​javascript:void(0);​) design (​javascript:void(0);​) of surface topography to reduce and suppress the brake squeal noise.

4.1Why the grooved disc surface can reduce squeal noise?
4.1.1 Creation and verification of the finite element model
In this section, a numerical analysis is conducted by using ABAQUS 6.10 to explain why the grooved disc surface can reduce the squeal noise tendency. Fig. 15(a) exhibits a simplified finite element model of the brake dynamometer presented in Fig. 9. This numerical model covers five main components of the real experimental system, i.e. a disc sample, a pad sample, a pad holder, a push rod and a linear bearing. All parts of the numerical model are meshed with 3D hexahedral elements. The disc sample is in frictional contact with the pad sample during the rotating process. The disc surface is set as the master surface, considering that the disc is made from a harder material and has a coarse mesh than that of the pad. The pad surface is accordingly set as the slave surface. The constraint condition of the numerical model is illustrated in Fig. 15(b). An encastre boundary condition is applied on the end face of the push rod, on which a constant force (0.12 MPa) is applied. The velocity boundary condition is applied on hole of the disc sample around the X-direction. The material parameters of the numerical model are listed in Table 1, which can well represent the real experimental system.

  
Fig. 15. Finite element model (a) and load and boundary condition of finite element model (b).

Table 1. The material parameters of the finite element model
Parts	Density (​app:ds:range​) (kg/m3)	Young’s modulus (GPa)	Poisson’s ratio	Damping
Disc sample	7850	210	0.3	α=0 s-1β=5e-9 s
Pad sample	6200	6.5	0.29	α=50 s-1β=7e-7 s
Pad holder	7800	200	0.3	—
Push rod	7900	190	0.3	—
Linear bearing	2700	70	0.3	—

Complex eigenvalue analysis (CEA) is adopted to identify the unstable dynamic propensity of the friction systems and validate the reliability of this numerical model. Calculating the eigenvalues of the friction system is an efficient way to evaluate its squeal tendency of the friction system. The system will show a strong potential in generating squeal instability when the eigenvalues occur positive real parts. The positive real parts and the corresponding imaginary parts indicate the level of unstable vibration and the excited squeal frequencies, respectively. The reliability of the numerical model is verified by comparing the unstable vibration frequency calculated by CEA with the dominant frequency of squeal detected from the experimental test. More detailed introduction about this analysis method can be seen in references [40].
Fig. 16(a) plots the imaginary parts of complex eigenvalues in the cases of the smooth disc surface passing through the pad surface. In the frequency domain considered (1 kHz-12 kHz) and for friction coefficient between 0.2 and 0.7, four mode coalescences can be observed. Their critical friction coefficients (μ) and corresponding unstable vibration frequencies (f) are: μ=0.67, f=4461 Hz;μ=0.32, f=5899 Hz;μ=0.7, f=7465.3 Hz;μ=0.65, f=9740 Hz; Considering the fact that when two metal counterfaces slide against each other, it is difficult for the friction coefficient (μ) to exceeds 0.67, thus the squeal instabilities at frequencies of 4461 Hz, 7465.3 Hz and 9740 Hz are difficult to occur. This indicates that the friction system has the best potential in generating squeal instability at the frequency of 5899 Hz. Furthermore, considering that the calculated unstable frequency (5899 Hz) is very close to the measured squeal frequency (5700 Hz), and the percentage error between these two results is only 3.4 %, thus this numerical model is able to well reflect the dynamics of the test system. The unstable vibration mode at the frequency of 5899 Hz is shown in Fig. 16(b). It is found that the squeal instability is triggered by the out of plane motion of the pad ends (pad-end flutter), which also excites the out-of-plane vibration mode of the rotor (Fig. 16(c)).

        

Fig. 16. Mode coalescence of the friction systems (a), the unstable mode at the frequency of 5899 Hz (b), and the separated disc mode and pad mode (c).

4.1.2 Transient dynamic analysis (TDA) and contact pressure distribution
TDA is performed by using ABAQUS/Explicit solver to simulate the transient vibration behaviour of the dynamometer system during frictional sliding [41]. In this analysis process, explicit central difference integration rule is used to compute the dynamic equations of the friction system, and accordingly obtain displacements, velocities and accelerations at certain locations. For more details of the TDA by using ABAQUS, refer to [41].
Fig. 17(a) and (b) shows the simulated the normal and tangential vibration accelerations of the dynamometer system with smooth and T-45 surfaces. The simulated time period is set to 0.43 s, corresponding to one rotary cycle in the initial stage. For the case of smooth surface, the vibration accelerations signals in both directions exhibit visible and intense fluctuations at the start and develop throughout a period of time, which indicates that strong unstable vibrations are generated from this friction system, and the friction system has a strong potential in emitting squeal noise. However, for the T-45 surface, although visible fluctuations can be observed for the vibration acceleration signals in both directions, the amplitudes of the vibration accelerations exhibit a visible reduction in comparison with that of the smooth surface. Therefore, the sound pressure generated from the T-45 surface is weaker than that of the smooth surface. 

     
Fig. 17. Numerical results of normal vibration acceleration (a) and tangential vibration acceleration (b) for smooth surface and T-45 surfaces.

It has been reported that the contact area is unsymmetric during braking, and the pressure distribution is different for the leading and trailing sides of the pad surface [42, 43]. Renaud et al. [44] found that pad leading edge was more involved than trailing edge during a squealing event, because the pressure is uneven distributed on the pad surface, and the uniform distribution of the contact pressure is helpful for squeal reduction. Moreover, it was demonstrated that the contact pressure distribution could significantly vary squeal propensity, and when the pad surface’s leading edge and leading point became the main locations of contact pressure concentration, squeal noise could be excited [45, 46]. Considering that the contact pressure indicates the force (​https:​/​​/​en.wikipedia.org​/​wiki​/​Force" \o "Force​) applied perpendicular to the pad surface, and the pressure distributions of contact interface will be modified during the process that the grooves passing through the pad surface, the distributions of the contact pressure for both the pad and disc surfaces at some different contact states are displayed, to illustrate the capability of grooves in modifying the contact pressure distribution and consequently reducing the squeal noise.
Fig. 18 summarized the different contact states and exhibited their corresponding contact pressure distributions at the pad and disc surfaces. For the smooth disc surface, the pad’s leading edge becomes the main region of contact pressure concentration, and the highest pressure occurs at the leading point in the whole friction process (Fig. 18(a)). While for the T-45 surface, the contact pressure distributions observed in one cycle is significantly different from those of the smooth surface. The grooves can effectively interrupt and transform the pressure distribution of the contact interface during friction sliding. In addition, it can be observed that the highest pressure of pad surface varies their locations constantly and does not occur at the leading point (Fig. 18(b)). Therefore, the grooves can effectively suppress the squeal instability by modifying distribution of contact pressure at the contact interfaces.




Fig. 18. The contact pressure distributions of the contact surfaces for the pad-on-smooth surface (a) and pad-on-T-45 surface (b).

On the other hand, it has been reported that the wear debris accumulated at the contact interface is closely related to the dynamics of the friction contact system, and the squeal noise can be suppressed and reduced by removing the wear debris from contact interface [47]. In this study, the experimental results obtained from both the pad-on-disc tribometer and the brake dynamometer verify that the grooves on the disc surface can entrap wear debris from the contact sliding interface and accordingly avoid the accumulation of wear debris. Therefore, the grooved disc surface can further reduce the squeal noise by entrapping wear debris into the grooves.

4.2 Why the T-45 surface has a better performance in reducing squeal noise than T-90 surface?
As mentioned above, the presence of wear debris at the contact interface can excite the unstable vibration of the friction system, and the squeal instability of the friction system can be significantly reduced and suppressed by removing the wear debris from contact interface. Considering that the different groove configurations on the disc surface exhibit different abilities in entrapping the wear debris from the sliding interface, which may consequently lead to the different performances in noise reduction, the length of the grooves which is in contact with the pad surfaces in one cycle are analysed for both the T-90 and T-45 surfaces, as shown in Fig. 19. The length of the grooves in contact with the pad surface is used to represent the ability of grooved disc surface in entrapping wear debris, and the greater value of the grooves length indicates a stronger ability in entrapping wear debris. It is found that the groove length of T-45 surface is significantly greater than that of T-90 surface, which indicates that the T-45 surface has a much stronger ability in entrapping the wear debris than the T-90 surface. Therefore, it can be speculated that the T-45 surface has a better potential in reducing squeal instability of the friction system.


Fig. 19. The length of the grooves in contact with the pad surfaces in one cycle of the brake dynamometer.

4.3 Why further increasing the groove width will deteriorate the noise behaviour?
In the pad-on-disc tests, the results show that the T-45-1 surface has a better performance in reducing squeal noise than the T-45-0.5 surface, while the T-45-2 surface emits higher intensity squeal noise than the T-45-1 surface. This phenomenon indicates that the noise reduction effect becomes worse when the grooves are too wide. Considering that the partial loss of contact area during the sliding process is related to the groove width, which will consequently cause the changes of the local contact stiffness, it is essential to investigate the relationship between the contact stiffness and the squeal instability of the friction system, which may help explain the experimental phenomenon in this study. 
In order to take into account the squeal instability related to the normal contact stiffness, Hoffmann’s model [48] is extended, as shown in Fig. 20. This model possesses three DOFs and consists of a rigid conveyor belt with constant speed which is pressured against a pad sample on a horizontal plane by a normal force N. Two linear springs denoted by k1 and k2 are used to support the pad sample: linear spring k2 is mounted at an oblique angle of 45° to the pad sample. In addition, two viscous dampers which are denoted as c1 and c2 are also connected to the pad sample. The normal contact stiffness between the belt and the pad is represented by a linear spring kn. A linear spring and damping which expressed as k3 and c3 are used to support the sliding belt in the vertical direction. For the friction components, a constant friction coefficient in Coulomb’s friction law is assumed.


Fig. 20. The three DOFs model.

Neglecting the relative displacement of belt in the X-direction, the equations of motion of the above model can be written as follows:
		(1)
After reducing the order of Eq. (1) to convert it into the state space, the Jacobian matrix of the derived system can be expressed as follows:
					(2)
Setting m=M =1 kg, k1 =11 N/m, k2=10 N/m, and k3=10 N/m, respectively. Setting the damping coefficients c1=c2=c3=0.4. For simplicity, only one radial groove sliding across the pad surface is taken into account, and the contact area will vary with time, which consequently results in the variation of the contact stiffness kn, and thus the contact stiffness kn is defined as a function of time. In addition, it is worth noting that the pad surface possesses symmetrical section, which may consequently cause the variation of normal contact stiffness kn​ to undergo ‘symmetric’ variation during the groove’s passing through the pad surface, as shown in Fig. 21. Therefore, the normal contact stiffness kn is expressed as follows:
											        (3)


Fig. 21 The relative pad-groove position for the one groove sliding across the pad surface.

When the contact state of B arrives, kn reaches the lowest value. Thus,  can be calculated by using the following equation (the time taken for the disc runs from contact state of A to B):
                                                    (4)
According to the above equation, . Thus, kn can be expressed as the following equation:
                                      (5)
Fig. 22 illustrates the mode coupling characteristics of the simplified numerical model. Two separated imaginary parts are found to converge to one value with the increase of time, which indicates that the two adjacent modes generate unstable vibration through the mode coupling phenomenon. In this case, the real parts start to appear a positive value and a negative-value, which indicates that the dynamical response of the friction model will increase with time, thus the friction system will generate unstable vibration during this time period. However, it is found that the mode coupling phenomenon disappears with the further increase of time, which suggests that the friction system can be stabilized by increasing the normal contact stiffness. Therefore, the mode coupling phenomenon commonly occurs in a certain range of normal contact stiffness values. In the pad-on-disc experimental tests, the groove width of T-45-2 surface is relatively larger than that of T-45-1 surface, thus the T-45-2 possess relatively lower normal contact stiffness than that of T-45-1 surface. As a consequence, the T-45-2 surface will still raise the possibility of generating mode coupling and has a stronger tendency in emitting higher intensity squeal noise than the T-45-1 surface.

           
   
Fig. 22. The imaginary parts (a) and real parts (b) of the three degree-of-freedom model.

5.	Conclusions
In this study, the effect of the grooved disc surface on the tribological behaviours and noise performance of railway brake system are investigated by using both pad-on-disc tribometer and drag-type brake dynamometer. The main conclusions can be expressed as follows:
(1) Regardless of the experimental systems, grooves on the disc surface can significantly affect the tribological behaviour and noise performance. Disc surface with a specific groove configuration (T-45 surface) can significantly reduce squeal. The grooves can entrap wear debris from the pad/disc sliding interface, and consequently avoid the accumulation of wear debris in the wear track.
 (2) The results of worn surface morphologies indicate that the grooved disc surface has a better performance in improving wear state of contact surface. The contact surfaces which suffer from more severe wear will emit higher intensity ESPL. The groove configuration on the disc surface can affect the ability of grooves in entrapping wear debris from contact surface and consequently the squeal instability. In the brake dynamometer tests, theT-45 surface shows a better ability in entrapping wear debris than that of T-90 surface, thus T-45 surface a greater potential in reducing the squeal instability of the friction system.
(3) The numerical results indicate the grooves can effectively suppress the squeal instability by creating a favourable contact pressure distribution between the contact interfaces. In addition, a simplified three DOFs model is created to study the effect of the local contact stiffness on the dynamic behaviours of friction system, which can help explain why the smaller grooves on the T-45 surface (T-45-1 surface) has a better potential in reducing squeal noise than wider grooves on the T-45 surface (T-45-2 surface).
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